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[57] ABSTRACT

An apparatus and method for counting the number of
cycles of a sensor signal and of a reference signal that
occur during respective time intervals associated with a
sampling interval defined by a sample signal. Sensor and
reference gate signals are produced and respectively
define sensor and reference intervals. The sensor inter-
val begins and ends synchronously with respect to the
sensor signal, and the reference interval begins and ends
synchronously with respect to the reference signal. The
sensor, reference and sampling intervals are approxi-
mately coextensive with one another. Cycles of the
sensor and reference signals are counted during the
sensor and reference intervals, respectively. The pro-
cess may be repeated for a plurality of successive sam-
pling intervals.

16 Claims, 4 Drawing Figures



- UXd.Patent Sep.10,1985  Sheet1of3 ' 4,541,105

gl
Fz L2 Vi
SENSD '
NEOR | AL zfimf/mé 2
P 1 &1 KL T . .
- =
[Dwvioe I
EY N ~—1 (LOCK |
CIRCUIT]

OUTAUT
EFNABLE

REFERENE
COUNT oUTPUT
CIRCUIT LNABLE




U.S. Patent Sep.10,1985  Sheet2of3 4,541,105




4,541,105

Sheet 3 of 3

U.S. Patent  Sep. 10,1985




4,541,105

1

COUNTING APPARATUS AND METHOD FOR
FREQUENCY SAMPLING

TECHNICAL FIELD

This invention relates to techniques for sampling the

frequency of an input signal and for producing corre-
sponding digital output signals.

BACKGROUND OF THE INVENTION

A common type of instrument is one in which a sen-
sor produces a signal whose frequency is related in
some functional way, often nonlinear, to a physical
Input variable. In order to use such a sensor in a digital
system, the frequency of the sensor signal must be con-
verted into a series of digital samples. The most versa-
tile systems for measuring frequency operate either by
counting cycles of the sensor or input signal for a
known time interval, or by counting cycles of a refer-
ence signal for an interval controlled by the sensor
signal. Using either technique, the resolution of such a
frequency measurement depends on the number of
counts that can be accumulated during the counting or
sampling interval. The resolution may therefore be very
poor at high sampling rates.

For wideband sensors such as accelerometers, sam-
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pling rates must often be much greater than would

otherwise be required by system bandwidth require-
ments, 1n order to avoid errors due to frequency aliasing
and input rectification. However, if resolution cannot
be improved by digital low pass filtration, i.e., by aver-
aging, substantial errors may be introduced by using
high sample rates. With conventional frequency count-
ing techniques counts are lost between adjacent sam-
pling intervals, because the counters are reset for each
sample. Therefore, with conventional frequency sam-
pling methods, averaging several samples usually does
not significantly improve the resolution.

SUMMARY OF THE INVENTION

The present invention provides a method and appara-
tus for counting the cycles of a sensor signal and of a
reference signal in such a way that no sensor of refer-
ence counts are lost. The counting technique of the
present 1nvention therefore permits resolution to be
improved by averaging counts over a plurality of succe-
sive sampling intervals. |

A preferred embodiment of an apparatus according
to the present invention comprises gating means, sensor
count means, and reference count means. A sample
signal 1s provided that is operative to define a sampling
interval. The gating means is responsive to the sensor,
reference and sample signals to produce a sensor gate
signal and a reference gate signal. The sensor gate signal
has a characteristic that is operative to define a sensor
mterval that begins and ends synchronously with re-
spect to the sensor signal. The reference gate signal has
a characteristic that is operative to define a reference
interval -that begins and ends synchronously with re-
spect to the reference signal. The sensor, reference and
sample intervals are approximately coextensive with
~one another. The sensor count means counts the num-
bers of cycles of the sensor signal that occur during the
sensor interval, and the reference count means counts
the number of cycles of the reference signal that occur
during the reference interval. The relationship of the
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frequency of the sensor signal to the frequency of the
reference signal may thereby be determined.

In a preferred method according to the present inven-
tion, a sensor gate signal and a reference gate signal are
produced in response to the sample, sensor and refer-
ence signals. The sensor and reference gate signals have
characteristics that are operative to define the sensor
and reference intervals respectively, and the sensor and
reference signals are respectively counted during such
sensor and reference intervals.

In a further embodiment, the present invention com-
prises a sensor for producing a sensor signal having a
frequency that corresponds to an input variable, means
for producing the reference and sample signals, count-
ing means for counting the number of cycles of the
sensor and reference signals that occur during respec-
tive time intervals associated with the sampling interval
and for producing corresponding digital sensor and
reference count signals, and processor means for receiv-
ing the sensor and reference count signals and determin-
ing therefrom the value of the input variable. The pro-
CessOr means may be operative to average values associ-
ated with the sensor and reference count signals over
successive sampling intervals.

These and other features and advantages of the inven-
tion will become apparent in the detailed description
and claims to follow, taken in conjunction with the
accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a block diagram of a device that includes a
counting circuit according to the present invention.

FIG. 2 1s a block diagram of a counting circuit ac-
cording to the present invention.

FIG. 3 is a circuit diagram of the counting circuit of
FIG. 2.

FIG. 4 is a timing diagram corresponding to the

- counting circuit of FIG. 3.
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DETAILED DESCRIPTION OF THE
INVENTION

Referring initially to FIG. 1, an instrument or device

1s shown that includes a counting circuit according to

the present invention. The instrument includes sensor
12 that produces an output signal Fswhose frequency is
a function of the variable sensed or measured by the
sensor. It 1s desired to sample the value of this variable
by converting the frequency of Fginto a series of digital
signals usable by a data processing system comprising
CPU 20. The conversion is carried out by counting
circuit 10 of the present invention. The inputs to count-
ing circuit 10 include sensor signal Fs, a SAMPLE
signal, and a reference signal Fg. The SAMPLE signal
defines a series of successive sampling intervals. During
time periods associated with each sampling interval,
counting circuit 10 counts the cycles of sensor signal Fg
and of reference signal Fg. At the end of the respective
time periods, the accumulated counts are stored. Dur-
ing the next sampling interval, counting circuit 10 out-
puts digital signais corresponding to the stored counts
onto system bus 18. The digital signals are utilized by
CPU 20 to determine the value of the variable sensed by
sensor 12. As discussed below, CPU 20 may also aver-
age values corresponding to successive sampling inter-
vals to improve resolution.

Reference signal Fg preferably comprises a periodic
signal that has a frequency higher than that of sensor
signal Fs. In the embodiment of FIG. 1, Fris a compar-
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cuit: 32 to eutput the stered ceunt F_g eycles fromthe i ii:: i

previous Ts time interval onto system bus 18. Theout- -+

oo antervals: In the embodiment shown in FIG. 1, SAM-: -5 put ‘enable signal on' line 36 may be provided by any

. PLE is derived from Fgr by means of Divide by N Cir- . ' convenient means, such:as by CPU 20 (FIG. 1). - i

i cunt: 16, such that SAMPLE consists of a comparatively - ¢ Reference count circuit:34 operates in a manner simt- - G000
.. low frequency square wave signal. In the embodiment

SRS zmgnal FS The SAMPLE sxgnal 1S a comparatwely low; .
oo frequency signal that operates to define the sampling -

............ =1ar to sensor count circuit 32. During each time period = .
. oillustrated herein, each complete cycle of the SAMPILE - Tidefined by signal GATER, reference countcircuit34 - .
o000 signal defines one sampling interval, and the end of one: 10 counts the number of cycles of reference signal:Fg. In ¢ =
.. sampling interval and the beginning of the next sam- :

o gpling interval cerresponds to the rising edges of the? N

particular, reference count circuit 34 counts the number: = _
ef eycles of FR that occur during each complete cyelez SEERRRRERRE RS

SRR stood that 1t is not necessary te derwe SAMPLE fromz 15 begun The stered ceunt may then by remeved at any- SR

::=::f:f:f:f;z-etherthanthesquarewaveshewnmFIG-4- S =-::;
oo Referning now to FIG. 25 a preferred embodlment of
S eountmg c:1reu1t 10 1S shown compnsmg gatmg clreult 20 mterval onto system bus 18' The output e'nable '51;gn'alis: SRS

o QCCur: sequentlally rather than mmultaneously
Refemng now to FIG 3 a detaﬂed embedlmem of S

P . |

o 53 Each ﬂ1p ﬂop 52 and 54 1S 0perat1ve totransferi thez SRR RS EE
SN 51gnal (hlgh or iow) at ltstput to ltsQoutput at eaeh- SR N

SEREEEERE RN pened apprommately ceextenswe w1th time mterval T1 35 eunng at the fallmg rather than therlsmg edges ef FS R R
SRR due to mverter 56 In a 51m11ar marmer, ﬂlp ﬂop 54 and e

GATEgs on the falling edges of Fr. GATERg therefore
comprises a comparatively low frequency, square wave
signal having a period that is also approximately coex-
tensive with time interval Ti. However, GATERg is
shifted in time with respect to the SAMPLE signal such
that GATER is synchronous with reference signal Fp.
Thus GATESs defines a time interval T3 that is approxi-
mately coextensive with time interval Ti, but that is
synchronous with sensor signal Fs, and GATERg defines
a time interval T3 that is approximately coextensive
with time intervals T and T3, but that is synchronous
with reference signal Fr. In particular, time intervals
T and T3 are coextensive within =1 cycle of Fs, and
time intervals T; and T3 are coextensive within =+1
cycle of Fg.

It 1s to be understood that GATEgand GATER may
each comprise one or more separate signals, and may
comprise waveforms other than those shown in FIG. 4,
so long as the total GATEs and GATER signals have
characteristics that are operative to define appropriate
time intervals T and T;.

Referring again to FIG. 2, sensor count circuit 32
recelves signals Fsand GATEgs, and responds by count-
ing the number of cycles of Fg that occur during the
time interval T defined by signal GATES. In the partic-
ular embodiment illustrated, sensor count circuit 32
counts the number of cycles of Fg that occur during
each complete cycle of signal GATEgs. At each rising
edge of GATEs, the current count of Fgs cycles is
stored, and a new count is commenced. At any conve-

Sensor 31gna1 Fs In a snmlar fashron, GATER follows' - GATER wﬂl enly change to follow GATES at the fall-

ing edges of Fr. The resuit of this arrangement will
therefore be the wareforms shown in FIG. 4 for SAM-
PLE, GATEs and GATER. Since Fs 1s asynchronous
with respect to SAMPLE, GATEs will lag SAMPLE
by a variable delay which may range from the response
time of flip-flop 52 up to one full cycle of Fs. Similarly,
since Fg 1s asynchronous with respect to Fs, GATER
will lag GATEgs by a variable delay which may range
from the response time of flip-flop 54 up to one full
cycle of Fg.

Still referring to FIG. 3, sensor count circuit 32 com-
prises counter 62, latch 64, initial value circuit 66,
NAND gate 68 and flip-flop 70. Sensor signal Fs is
input directly to the clock input (CK) of counter 62, and
counter 62 responds by incrementing an internally
stored count at each rising edge of Fs. As will be de-
scribed below, the accumulated count in counter 62 is
transferred to latch 64 at the beginning of each time
interval T», and counter 62 is then reinitialized from
initial value circuit 66. During the succeeding time
interval Ty, an output enable signal on line 36 causes
latch 64 to place its stored count for the previous T3
time interval onto system bus 18.

The two inputs to NAND gate 68 are GATESs and
the signal on line 72 which originates at the Q output of
flip-flop 70. The D and CK inputs to filp-flop 70 are
GATEgsand Fs, respectively. At each rising edge of Fs,
output Q of flip-flop 70 assumes a state (high or low)
opposite to that of signal GATEgs. Referring to FIG. 4,
the result will be that prior to GATESs going high, sig-
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nal LOADgat the output of NAND gate 68 will be high
because one of the NAND inputs (GATEg) is low. The
other mput to the NAND gate, the signal on line 72,
will be high at this time, because several low-to-high
transitions of Fshave occurred since GATE s went low.
When GATEg then goes high at the beginning of time
interval Ty, the signal on line 72 will remain high until
the next rising edge of Fg, i.e., for one-half cycle of Fs.
During this half cycle, both NAND inputs will be high,
and the NAND output signal LOADg will therefore be
low, as indicated in FIG. 4. LOADg is input into the
load input (LLD) of counter 62. Counter 62 is a conven-
tional binary or decade counter that is operative to load
the values specified by input value circuit 66 when the
LD of the counter goes high. In the embodiment shown
in FIG. 3, initial value circuit 66 connects the low order
line of bus 74 to a high voltage through an appropriate
resistor, and connects all other lines of bus 74 to a low
voltage, thus supplying a initial count of + 1. Therefore,
one-half cycle (of Fg) after GATEg goes high, counter
62 will be loaded with the initial value + 1. Counter 62
will then proceed to increment its stored count by 1
each subsequent time that Fs goes high. An initial value
of +1 (rather than zero) is supplied to counter 62 be-
cause the first low to high transition of Fs occurs one
half cycle after GATEgs goes high, at the same time or
very slightly before LOADg goes high. The first low to
high transition of Fs will therefore be missed by counter
- 62, such missed count being compensated for by the +1
value supplied by initial value circuit 66. At the end of
time interval T,, when GATEg again goes high, the
low-to-high transition at the CK input of latch 64 will
cause the latch to store the accumulated count in
counter 62. |

Reference count circuit 34 comprises counter 82,
latch 84, initial value circuit 86, NAND gate 88 and
flip-flop 90. The operation of the reference count circuit
1s very similar to that of sensor count circuit 32. Refer-
ence signal Fp is input directly to the clock input (CK)
of counter 82, and counter 82 responds by incrementing
an internally stored count at each rising edge of Fg. As

 will be described below, the accumulated count in

counter 82 is transferred to latch 84 at the beginning of
each time interval T3, and counter 82 is then reinitial-
ized from initial value circuit 86. During the succeeding
time interval T3, an output enable signal on line 38
causes latch 84 to place its stored count for the previous
T3 time interval onto system bus 18.

The two mputs to NAND gate 88 are GATER and
the signal on line 92 which originates at the Q output of
flip-flop 90. The D and CK inputs to flip-flop 90 are
GATERr and Fg, respectively. At each rising edge of
FRr, output Q of flip-flop 90 will assume a state (high or
low) opposite to that of signal GATERg. Referring to
FIG. 4, the result will be that prior to GATERr going
high, signal LOADR at the output of NAND gate 88
will be high, because one of the NAND inputs
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(GATER) is low. The other input to the NAND gate, -

the signal on line 92, will be high at this time, because
several low-to-high transitions of Fg have occurred
since GATER went low. When GATER then goes high
at the beginning of time interval T3, the signal on line 92
will remain high until the next rising edge of Fg, i.e., for
one-half cycle of Fgr. During this half cycle, both
NAND inputs will be high, and the NAND output
signal LOADpg will therefore be low, as indicated in
FIG. 4. LOADRg is input into the load input (LD) of
counter 82. Counter 82 is a conventional binary or de-
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cade counter that is operative to load the values speci-
fied by input value circuit 86 when the LD input of the
counter goes high. In the embodiment shown in FIG. 3,
initial value circuit 86 connects the low order line of bus
94 to a high voltage through an appropriate resistor,
and connects all other lines of bus 94 to a low voltage,
thus supplying an initial count of +1. Therefore, one-
half cycle (of Fg) after GATER goes high, counter 82
will be loaded with the initial value + 1. Counter 82 will
then proceed to increment its stored count by 1 each
subsequent time that Fr goes high. An initial value of
-1 (rather than zero) is supplied to counter 82 because
the first low to high transition of Fgr occurs one-half
cycie after GATER goes high, at the same time or very
slightly before LOADR goes high. The first low to high
transition of Fr will therefore be missed by counter 82,
such missed count being compensated for by the +1
value supplied by initial value circuit 86. At the end of
time interval T3, when GATERg again goes high, the
low-to-high transition at the clock input of latch 84 will
cause the latch to store the accumulated count in
counter 82. -

In an instrument of the general type shown in FIG. 1
In which a conventional counting circuit is used, the
resolution of the system generally cannot be improved
by averaging the counts or frequencies over a number
of sampling intervals. The reason that averaging does
not improve resolution is that in conventional counting
circuits, the counters are reset at the end of a fixed
sampling interval. Since the sensor and reference signals
are asynchronous, the result is that partial counts of
either the sensor signal or the reference signal are lost.
The present invention provides a technique for avoid-
ing the loss of partial counts, allowing a significant
improvement in system resolution through averaging.

The advantages of the present invention can be illus-
trated by means of the following calculations. Let n and
m be the number of sensor and reference pulses respec-
tively accumulated for one sampling interval. If f;and f;
are the frequencies of signals Fs and Fg respectively,
then the measured sensor frequency f,, is:

(1)

ﬁm=i‘f*

Assuming that f, is larger than f;, the asynchronous
relationship between Fs and Fr means that for each
sampling interval, there is an error uncertainty Am in
the value of m, with Am being in the range —1 to +1.
The relationship between f, and the true sensor fre-
quency f;is therefor:

m 4+ Amon (2)

Jr s
By combining equations (1) and (2), one obtains:

3)

The k-th moment E{(Am)*} of the error Am is given by:

+1
(Am)X d(Am)
—1

(4)
- E{(Am)f} =4
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since Am has a uniform probability density in the range
—1to +1. We obtain E{Am }=0 and E{(Am)2}=3}. If
sensor 12 is, for example, an accelerometer for measur-
ing acceleration a, and if there is a linear
relationship between acceleration a and frequency f;
such that:

a=A\s+Ao (5)

‘then the measured acceleration a,, can be written:

am=a +Aa (6)
where Aa=A;if;Am/m i1s the resolution error due to
sampling. Thus the resolution error can be reduced by
making m large, i.e., by lengthing the sampling period
or by increasing the reference frequency f,. The resolu-
tion can also, however, be improved by averaging over
several samples. The reason that averaging can improve
resolution is that the counting circuit of the present
invention does not lose any counts between sampling
intervals, and thus, for example, a partial Fg cycle not
counted in one sampling interval will be counted during
the next sampling interval. The total count for a succes-
sion of sampling intervals will therefore be correct, and
resolution can be significantly improved by averaging.
In the limit of an infinite number of samples to be aver-
aged, the resolution error for the linear sensor modeled
by equation 5 will be zero, since:

Afs (7)

m

E{Am}

E{am} = a +

and E{Am}=0.

For a nonlinear relationship between acceleration
and frequency, such as a quadratic relationship of the
form:

a=A1fs%*+Ag (8)

the resolution error Aa in equation (6) becomes:

9
( 12
Aa = Alﬁ'z [_____Zirn + ﬁ!:; ]

Since E{(Am)2} =}, the resolution error for the limiting
case of an infinite number of samples will be:

E{Aa} = A]j}z-""l—- (10)

Im?e

For most practical instruments, however, the resolution
error indicated by equation (10) will be extremely small.

While the preferred embodiments of the invention
have been 1llustrated and described, it should be under-
stood that variations will become apparent to those
skilled in the art. Accordingly, the invention is not to be
limited to the specific embodiments illustrated and de-
scribed, and the true scope and spirit of the invention
are to be determined by reference to the following
claims.

The embodiments of the invention in which an exclu-
sive property or privilege is claimed are defined as
follows:
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1. An apparatus for counting the number of cycles of 65

a sensor signal and of a reference signal that occur dur-
Ing respective time intervals associated with a sampling
interval defined by a sample signal, whereby the rela-

8

tionship of the frequency of the sensor signal to the
frequency of the reference signal may be determined,
the apparatus comprising:

gating means responsive to the sample signal and to

the sensor and reference signals for producing a
sensor gate signal and a reference gate signal, the
sensor gate signal having a characteristic thereof
that 1s operative to define a sensor interval that
begins and ends synchronously with respect to the
sensor signal, the reference gate signal having a
characteristic thereof that is operative to define a
reference interval that begins and ends synchro-
nously with respect to the reference signal, the
sensor, reference and sampling intervals being ap-
proximately coextensive with one another;

sensor count means for counting the number of cycles

of the sensor signal that occur during the sensor
interval; and

reference count means for counting the number of

cycles of the reference signal that occur during the
reference interval.

2. The apparatus of Claim 1, wherein the sample
signal has a characteristic thereof that is operative to
define a plurality of successive fixed length sampling
intervals, and wherein the gating means, the sensor
count means and the reference count means are opera-
tive to perform their respective functions for each of the
successive sampling intervals, whereby the cycles of the
sensor signal and the cycles of the reference signal are
counted during time intervals associated with each suc-
cessive sampling interval.

3. The apparatus of claim 2, wherein the successive
sampling intervals immediately follow one another, and
wherein the gating means produces the sensor and ref-
erence gate signals for successive sampling intervals
such that the end of the sensor interval associated with
one sampling interval coincides with the beginning of
the sensor interval associated with the next sampling
interval, and the end of the reference interval associated
with one sampling interval coincides with the beginning
of the reference interval associated with the next sam-
pling interval.

4. The apparatus of claim 1, wherein the gating means
1s operative to cause the sensor interval to commence at
the beginning of the first cycle of the sensor signal that
occurs after the beginning of the sampling interval, and
to end at the beginning of the first cycle of the sensor
signal that occurs after the end of the sampling interval.

5. The apparatus of claim 1, wherein the gating means
iIs operative to cause the reference interval to com-
mence at the beginning of the first cycle of the reference
signal that occurs after the beginning of the sensor inter-
val, and to end at the beginning of the first cycle of the
reference signal that occurs after the end of the sensor
interval.

6. A method for counting the number of cycles of a
sensor signal and a reference signal that occur during
respective time intervals associated with a sampling
interval defined by a sample signal, whereby the rela-
tionship of the frequency of the sensor signal to the
frequency of the reference signal may be determined,
the method comprising;:

producing a sensor gate signal and a reference gate

signal in response to the sample signal and to the
sensor and reference signals, the sensor signal hav-
Ing a characteristic thereof that is operative to
define a sensor interval that begins and ends syn-
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chronously with respect to the sensor signal, the
reference gate signal having a characteristic
thereof that is operative to define a reference inter-
val that begins and ends synchronously with re-
spect to the reference signal, the sensor, reference
and sampling intervals being approximately coex-
tensive with one another;

counting the number of cycles of the sensor signal

that occur during the sensor interval; and
counting the number of cycles of the reference signal
that occur during the reference interval.

7. The method of claim 6, wherein the sample signal
has a characteristic thereof that is operative to define a
plurality of successive fixed length sampling intervals,
wherein the sensor and reference gate signals are pro-
duced for each successive sampling interval to define
respective sensor and reference intervals associated
with each successive sampling interval, and wherein the
cycles of the sensor and reference signals are counted
during the respective sensor and reference intervals
assoclated with each successive sampling interval.

8. The method of claim 7, wherein the successive
sampling intervals immediately follow one another,
wherein the sensor and reference gate signals are pro-
duced such that for successive sampling intervals, the
end of the sensor interval associated with one sampling
interval coincides with the beginning of the sensor in-
terval associated with the next sampling interval, and
the end of the reference interval associated with one
sampling interval coincides with the beginning of the
reference interval associated with the next sampling
interval.

9. The method of claim 6, wherein the sensor interval
commences at the beginning of the first cycle of the
sensor signal that occurs after the beginning of the sam-
pling interval, and ends at the beginning of the first
cycle of the sensor signal that occurs after the end of the
sampling interval.

10. The method of claim 6, wherein the reference
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interval commences at the beginning of the first cycle of 40

the reference signal that occurs after the beginning of

the sensor interval, and ends at the beginning of the first

cycle of the reference signal that occurs after the end of

the sensor 1nterval.

11. An apparatus for measuring an input variable

comprising;: -

(a) a sensor for producing a sensor signal, the fre-
quency of the sensor signal corresponding to the
value of the input variable; |

(b) means for producing a periodic reference signal;

(C) means for producing a sample signal that is opera-
tive to define a sampling interval;

(d) counting means for counting the number of cycles
of the sensor signal and of the reference signal that
occur during respective time intervals associated
with the sampling interval, the counting means
further comprising:

(1) gating means responsive to the sample signal
and to the sensor and reference signals for pro-
ducing a sensor gate signal and a reference gate
signal, the sensor gate signal having a character-
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istic thereof that is operative to define a sensor
interval that begins and ends synchronously with
respect to the sensor signal, the reference gate
signal having a characteristic thereof that is op-
erative to define a reference interval that begins
and ends synchronously with respect to the ref-
erence signal, the sensor, reference and sampling
Intervals being approximately coextensive with
one another;

(2) sensor count means for counting the number of
cycles of the sensor signal that occur during the
sensor time interval and for producing a corre-
sponding digital sensor count signal; |

(3) reference count means for counting the number
of cycles of the reference signal that occur dur-
ing the reference time interval and for producing
a corresponding digital reference count signal;
and

(e) processor means for receiving the sensor and ref-

erence count signals and determining therefrom the

value of the input variable.

12. The apparatus of claim 11, wherein the sample
signal has a characteristic thereof that is operative to
define a plurality of successive fixed length sampling
intervals, and wherein the gating means, the sensor
count means and the reference count means are opera-
tive to perform their respective functions for each of the
successive sampling intervals, whereby a sensor count
signal and a reference count signal are produced for
each successive sampling interval.

13. The apparatus of claim 12, wherein the successive
sampling intervals immediately follow one another,
wherein the gating means produces the sensor and ref-
erence gate signals for successive sampling intervals

stich that the end of the sensor interval associated with

one sampling interval coincides with the beginning of
the sensor interval associated with the next sampling
interval, and the end of the reference interval associated
with one sampling interval coincides with the beginning
of the reference interval associated with the next sam-
pling interval.

14. The apparatus of claim 13, wherein the processor
means 18 operative to average values associated with the
sensor and reference count signals for said successive
sampling intervals, to thereby determine the value of
the input variable over time.

15. The apparatus of claim 11, wherein the gating
means is operative to cause the sensor interval to com-
mence at the beginning of the first cycle of the sensor
signal that occurs after the beginning of the sampling
interval, and to end at the beginning of the first cycle of
the sensor signal that occurs after the end of the sam-
pling interval.

16. The apparatus of claim 11, wherein the gating
means s operative to cause the reference interval to
commence at the beginning of the first cycle of the
reference signal that occurs after the beginning of the
sensor interval, and to end at the beginning of the first
cycle of the reference signal that occurs after the end of

the sensor 1nterval.
* % %k % %
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UNITED STATES PATENT AND TRADEMARK OFFICE
CERTIFICATE OF CORRECTION

4,541,105
September 10, 1985
Rex B. Peters et al.

It is certified that error appears in the above-identified patent and that said Letters Patent is hereby
carrected as shown below: |

line 12, "corresponds" should be --correspond--
line 35, "therising" should be --the rising--
line 40, "wareforms" should be --waveforms--
line 64, "filp-flop" should be --flip-flop--

k 1 bk
line 66, "E (Am)" = 5 (Am)" d(Am)" (Equation (4))
-1
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| " .
—-E (Am)¥ = %—f (Am)X d(Am)--
-1
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